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ABSTRACT
This Bulletin is a combined report of two separate though closely
related research projects which had to do with takeoffs for air duct systems
of the extended-plenum type and which were conducted in the Mechani-
cal Engineering Laboratory under the terms of cooperative agreements
between the Engineering Experiment Station of the University of Illi-
nois and two Associations.
During the first part of the investigation, which was sponsored by
the National Warm Air Heating and Air Conditioning Association, the
objective was to determine shapes of takeoff fittings which not only
would give good performance but also would be simple enough in con-
struction to be accepted by the industry as standards.
For this purpose, a 7-in. diam branch duct was connected to a 12-in.
x 8-in. extended plenum by one of many experimental takeoffs. Twenty
designs of side takeoffs and nine designs of top takeoffs were studied
over a range of air-flow rates and their pressure losses determined. As a
result of this part of the investigation, certain sizes and shapes of take-
offs were selected as desirable standards.
During the second part of the investigation, which was sponsored
by the American Gas Association, the objectives were (1) to determine
the performance of several sizes of standard side and top takeoffs when
installed on larger extended-plenums than previously used, and (2) to
study the effect of the relative locations of two or more takeoffs on the
pressure losses of individual takeoffs.
For this purpose, 24-in. x 8-in. and 24-in. x 12-in. extended plenums
and 7-in., 8-in., and 9-in. diam branch ducts, together with corresponding
standard side and top takeoffs, were utilized.
The pressure losses of all takeoffs were found to be a function only
of the ratio of the velocity in the branch duct to the velocity in the
plenum just upstream of the takeoff.
The results also showed that the pressure losses of standard takeoffs
(recommended commercial types) did not depend upon the size and shape
of the extended plenum. Moreover, the performance of a takeoff was not
affected by the relative locations of other takeoffs.
A practical interpretation of the results, as well as pressure-loss curves
for design purposes, has been included.
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I. INTRODUCTION
1. Preliminary Statement
Both summer and winter air conditioning systems require the delivery
of conditioned air from the unit to air distributing devices, such as
registers and diffusers, which are installed in the rooms. The branch
ducts supplying these air distribution devices commonly consist of
round pipes, wall stacks, or rectangular ducts. The sizes of these branch
ducts are determined by the air-flow rate requirements of the space to
be conditioned, while the shapes are frequently determined by space limi-
tations. The frictional resistances and pressure losses of these branch
ducts and fittings have been fairly well established. ( 1,2,3 )*
The main duct which connects the branch ducts to the conditioner,
or to a plenum attached to the conditioner, can consist of
(a) A non-uniform size arrangement in which the cross-sectional
area of the trunk is decreased following each branch takeoff connection,
as shown in Fig. la. This arrangement requires several different trunk
sizes and a number of complicated fittings.
(b) A large, uniformly-sized plenum, such as shown in Fig. Ib, and
which has been designated as a box-plenum. This type of plenum has a
large cross-sectional area relative to the inlet area. The box is of
rectangular construction without transition sections, and the branch take-
off fittings consist of simple, butted connections. Pressure loss and air
flow characteristics of box-plenums have already been reported. (4'5 ,6)
(c) A long plenum with a relatively small cross-sectional area, Fig.
Ic, which is designated as an extended plenum. The takeoffs connecting
the extended plenum with the branch ducts are one-piece fittings of
simple construction.
Because of the simplicity of extended-plenum systems, both the fab-
rication and installation costs are often less than those of conventional
trunk duct systems. Although these advantages have been recognized for
some time, little research has been conducted to determine the pressure
loss and air flow characteristics of extended plenum duct systems.
2. Objectives and Scope
The first part of this investigation was devoted to a study of the per-
formance of takeoff fittings for extended-plenum systems. The specific
* Parenthesized superscripts refer to references at end of bulletin.
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objective was to determine shapes of takeoff fittings which not only
would give good performance but also would be simple enough in con-
struction to be accepted by the industry as standards. For this purpose
a 7-in. diam branch duct was connected to a 12-in. x 8-in. extended
plenum. Various designs of side takeoff and top takeoff fittings were
studied over a range of air-flow rates, and their pressure losses deter-
mined. As a result of this part of the investigation, certain takeoffs were
selected as desirable standards.
The second part of the investigation was devoted to a study of the
performance characteristics of extended plenum and branch duct com-
binations utilizing these standard takeoff fittings. In this connection, the
factors investigated in the laboratory were (a) the performance of
standard side and top takeoffs when used alone on two different plenums;
and (b) the effect of the relative locations of two or more takeoffs on
the pressure losses of individual takeoffs.
During this second part of the investigation, 24-in. x 8-in. and 24-in. x
12-in. extended plenums, and 7-in., 8-in., and 9-in. diam branch ducts,
together with corresponding standard side and top takeoffs, were utilized.
However, the results are considered to be applicable to extended-plenum
duct systems having components somewhat larger or smaller than those
which were studied.
3. Acknowledgments
This Bulletin is a combined report of two separate but closely related
research projects which were conducted in the Mechanical Engineering
Laboratory under terms of cooperative agreements between the Engi-
neering Experiment Station of the University of Illinois and two Asso-
ciations. The first part of the investigation was sponsored by the National
Warm Air Heating and Air Conditioning Association. The second part
was sponsored by the American Gas Association Committee on Domestic
Gas Research as a PAR Plan activity of the Association.
During the first part of the investigation, advice and guidance were
rendered by the Research Advisory Committee of the National Warm Air
Heating and Air Conditioning Association, which was composed of the
following persons:
F. L. Meyer, (Chairman), Meyer Furnace Co., Peoria, Ill.
R. K. Becker, Ohio Valley Hardware and Roofing Co., Evansville, Ind.
J. B. Burrowes, Lau Blower Co., Dayton, Ohio.
K. T. Davis (representing the American Gas Association), Bryant
Heater Division, Affiliated Gas Equipment, Inc., Cleveland, Ohio.
G. W. Denges, Williamson Heater Co., Cincinnati, Ohio.
ILLINOIS ENGINEERING EXPERIMENT STATION
R. S. Dill, National Bureau of Standards, U.S. Dept. of Commerce,
Washington, D.C.
E. R. Downe, C. A. Olsen Manufacturing Co., Elyria, Ohio.
R. A. Gulick, May-Fiebeger Co., Newark, Ohio.
W. W. Johns, Johns and Son Furnace Co., Urbana, Ill.
Gordon Kinsman (deceased), Lau Blower Co., Dayton, Ohio.
C. W. Nessell, Minneapolis-Honeywell Regulator Co., Chicago, Ill.
F. J. Nunlist, L. J. Mueller Furnace Co., Milwaukee, Wis.
N. A. Palmer, Eureka-Williams Corp., Bloomington, Ill.
H. F. Randolph, International Heater Co., Utica, N.Y.
F. W. Taylor, National Warm Air Heating and Air Conditioning
Association, Canadian Chapter, Toronto, Ont.
H. Weyenberg, Holland Furnace Co., Holland, Mich.
During the second part of the investigation (A.G.A. Project DGR-2-
AC), advice and guidance were rendered by the Technical Advisory
Group for Heating and Air Conditioning Research of the American Gas
Association, which at present is composed of the following persons:
S. J. Levine, (Chairman), General Electric Co., 5 Lawrence St.,
Bloomfield, N.J.
C. E. Blome, Williams Wallace Co., Great National Life Bldg.,
Dallas 1, Tex.
K. T. Davis, Bryant Heater Div., Affiliated Gas Equipment, Inc.,
17825 St. Clair Ave., Cleveland, Ohio.
W. F. Friend, Ebasco Services Inc., 2 Rector Street, New York 6, N.Y.
J. H. Hollingsworth, Holly Manufacturing Co., 875 South Arroyo
Parkway, Pasadena 5, Calif.
J. E. Lester, Atlanta Gas Light Co., P.O. Box 4569, Atlanta 2, Ga.
W. A. Marshall, Dearborn Stove Co., 1700 W. Commerce Street,
Dallas, Tex.
R. D. McNeice, Public Service Electric and Gas Co., 80 Park Pl.,
Newark 1, N.J.
F. L. Meyer, Meyer Furnace Co., 1300 South Washington Street,
Peoria 2, 111.
W. M. Myler, Jr., Surface Combustion Corp., 400 Dublin Ave., Co-
lumbus, Ohio.
H. C. Pierce, Servel Inc., Evansville 20, Ind.
W. J. Riester, Peerless Manufacturing Co., 14th and Ormsby Street,
Louisville 10, Ky.
F. A. Ryder, Stewart-Warner Corp., South Wind Div., 1514 Drover
St., Indianapolis 7, Ind.
W. K. Sheppard, The Peoples Natural Gas Co., 140 Stanwix St., Pitts--
burgh 22, Pa.
Bul. 415. EXTENDED-PLENUM TYPE TAKEOFFS
A. E. Stack, Washington Gas Light Company, 1100 H Street, N.W.,
Washington 1, D.C.
F. 0. Suffron, Hammel Radiator Engineering Co., 3348 Motor Ave.,
Los Angeles 34, Calif.
H. E. Thompson, The Ohio Foundry and Manufacturing Co., 629
Slack St., Steubenville, Ohio.
Dr. F. E. Vandaveer, The East Ohio Gas Co., 1201 E. 55th St., Cleve-
land 3, Ohio.
H. L. Warren, Southern California Gas Co., Box 3249 Terminal
Annex, Los Angeles 54, Calif.
G. F. Zellhoefer, Williams Div., Eureka-Williams Corp., 1201 E. Bell
Street, Bloomington, Ill.
R. A. Siskin, (Secretary), American Gas Association, 420 Lexington
Ave., New York 17, N.Y.
Messrs. Pierce and Zellhoefer served also as Technical Advisors for
this research work.
This Bulletin includes material from Master of Science theses of
E. R. Zieve (1947), J. J. Boland (1947), and J. S. Brown (1950), and
from two technical papers. (7' 8) For their assistance, acknowledgment is
also made to Dr. H. H. Korst, Professor; N. A. Buckley, former Research
Assistant; R. W. Roose, Research Assistant Professor; H. A. Larson,
former Research Assistant; and E. R. Archambeau, former graduate stu-
dent, all of the Mechanical Engineering Department.
II. ANALYSIS
4. Previous Experimental Work
Previous research on takeoff losses, such as that conducted at the
Munich Hydraulic Institute (9, ,'10 ,' 12) has been confined to round branch
pipes and water flow. A diagram of the experimental apparatus of Peter-
mann ("' is shown in Fig. 2 and consists of a main pipe 43 mm in diam
(approximately 1.7 in.) and a branch pipe. The sizes of the branch pipe
used were 15-mm, 25-mm, and 43-mm diam. All measuring stations were
located at points where a stable velocity profile existed. The difference in
total pressure between the upstream and downstream measuring stations
(stations U and B) included some amount of friction pressure loss in
the main and branch pipes. Since it was not feasible to evaluate this
friction loss under actual conditions, separate tests of the straight pipe
sections were made. The net takeoff loss was obtained by subtracting
this nominal friction loss from the total pressure difference. The takeoff
loss was then expressed in terms of the velocity pressure at station U,
as follows:
= (TP), - (TP)b - (Lu + Lb)
(VP)U
in which
Xu = loss coefficient of the takeoff based on velocity pressure at
station U, dimensionless
(TP)u = total pressure at station U, in. of water
(TP)b = total pressure at station B, in. of water
Lu = the nominal static pressure loss due to friction between sta-
tion U and the takeoff, in. of water
Lb = the nominal static pressure loss due to friction between sta-
tion B and the takeoff, in. of water
(VP), = the velocity pressure corresponding to the mean velocity of
flow at station U, in. of water
The Munich results indicated that the pressure loss of a given takeoff
was a function only of the ratio Qb/Qu, in which Qb and Qu represent the
volume rate of flow at stations B and U. This indicates that the takeoff
loss for these tests did not depend upon the Reynolds number, R. Some
of the Munich results for the 25-mm branch pipe have been replotted
in Fig. 3 with the loss coefficient expressed in terms of the velocity pres-
sure at station B, instead of that at station U. The curves show that for
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Station
" "- Diameter of
Branch Pipes Used
mm. Inches
15 0.591
25 0.985
43 1.694
Fig. 2. Arrangement of Apparatus Used by Petermann (Reference 11)
15.
*1..
I
AiJý
Flow Rate in Branch Pipe, Q1
Quantity Ratio =-
Flow Rate in Hain, Q,
Fig. 3. Loss Coefficient as Related to Quantity Ratio for Four Takeoffs
(Data from References 9, 11, and 12)
NJ
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relatively small diversions of flow into the branch pipe the loss coefficient
is large. In addition, the curves show that angle branching, as illustrated
by curves III and IV, is effective in reducing the loss coefficient. More-
over comparison of I and II shows that the use of a conical intake is
effective in reducing the loss coefficient of a right-angle takeoff.
The curves in Fig. 3 are for a ratio of branch pipe diam to main pipe
diam, Db/Du, of 25/43. If the test results for different diam ratios were
also plotted on this figure, a separate curve would be obtained for each
diam ratio. However, as suggested by Brabee (13) and Vazsonyi, "14) by
plotting the loss coefficient against the velocity ratio, Vb/V,, instead of
Qb/Qu, it should be possible to represent the results obtained with differ-
ent diam ratios by a single curve. Such a replot of the loss coefficients
obtained by Kinne"1• ) for a 60-deg angle branch having diam ratios of
15/43, 25/43, 43/43 is shown in Fig. 4. Although the data cannot be
Ve/ocity Ratio Velocity in Branch, V,
Velocity in Main, V,
Fig. 4. Loss Coefficient as Related to Velocity Ratio for
Three Takeoffs (Data from Reference 12)
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represented by a single curve, the separate curves are close to each other.
This method of correlating the data with the velocity ratio warrants
further analysis with additional experimental data.
Another investigation of takeoff losses was made in connection with
model studies of penstocks for the Boulder Dam project.(15 ) A diagram
of the test apparatus is shown in Fig. 5. Although the Reynolds number
Fig. 5. Arrangement of Apparatus for Boulder Dam Project (Reference 15)
for the prototype takeoff was to be of the order of 90,000,000, the range
of Reynolds numbers used for the model studies was 130,000 to 800,000.
The empirical equation given as representing the measured losses of the
takeoff was of the form
Xb = K + K, (\•- (2)
in which K is a normal entrance loss coefficient and K 1 an empirical
constant. During the Boulder Dam project, special tests were made with
a right-angle takeoff in an effort to duplicate the work of Vogelp91 under
conditions of a larger scale and a higher Reynolds number, R, but the
loss coefficients were found to be considerably lower in magnitude than
those obtained by Vogel. This indicates the probability that the loss co-
efficient depends on R as well as on the velocity ratio. However, another
series of tests made with a slightly different takeoff showed no influence
of R. Hence, the influence of Reynolds number on the loss coefficient
cannot be considered as being definitely known.
An investigation of takeoff losses was also conducted in connection
with the construction of the Lucendro Power Station in Switzerland.
An analysis of the report"(1 indicates the takeoff losses follow the same
trend indicated by Fig. 4.
1
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5. Preliminary Analysis of Losses
In an effort to determine the principal variables which were involved
in this investigation of extended-plenum systems, an analytical approach
to the problem was made. A diagram of the extended plenum, side takeoff,
and branch duct combination used for the analysis is shown in Fig. 6.
From a review of the literature and from principles of fluid dynamics, it
was expected that the loss coefficient X would be influenced by (a) the
velocity in the plenum just upstream from the takeoff, (b) the velocity in
Fig. 6. Diagram of an Extended Plenum, Takeoff, and Branch Duct Combination
the branch duct just downstream from the takeoff, (c) the size and shape
of the plenum and takeoff, and (d) the density and absolute viscosity of
the air. Since in this investigation the air supply was at room tempera-
ture and relatively low velocities were to be used, the effects of heat
transfer and compressibility could be safely ignored. The general func-
tional relationship between the variables considered to be of significance
can be expressed as
X = f (Vb, V., Db, D., p, 4) (3)
in which
Vb = mean velocity in the branch duct downstream from the take-
off, ft per sec
Vu = mean velocity in the plenum just upstream from the takeoff,
ft per sec
Db = characteristic dimension of the takeoff and branch duct, ft
(See Fig. 6.)
D. = characteristic dimension of the extended plenum, ft
p = density of the air, lb per cu ft
1 = absolute viscosity of the air, lb per ft sec
The characteristic dimensions Db and D, warrant explanation. The
selection of a particular dimension to represent a characteristic length is
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arbitrary for any one combination of plenum, takeoff, and branch duct
such as shown in Fig. 6. This is true because in describing the size and
shape of an object, it is sufficient to select any one dimension; all other
dimensions can then be expressed in terms of the selected dimension. For
example, the width of a particular plenum can always be expressed as
some multiple of the depth D,.
Applying the methods of dimensional analysis to Eq. 3, there results
the functional relationship
_V_ Db VDb (4)
SVu' D ' (4)
The last term in the right hand member of this equation is the Reynolds
number referred to the branch duct. Designating this by Rb, Eq. 4
becomes
X = - au' , Rb (5)
Equation 5 states that the loss coefficient A is some function of the
velocity ratio Vb/Vu, the dimension ratio Db/Du, and the Reynolds num-
ber in the branch duct Rb. Although this equation does not give the ex-
plicit form of the functional relationship that exists between X and the
three ratios, nevertheless considerable information can be obtained from
an inspection of it. One important fact is that the dimensionless groups
are independent; i.e., any two can be held constant while the third is
varied in any desired manner. For example, if a particular plenum, take-
off, and branch duct combination is studied, the value of the dimension
ratio Db/Du will be constant. If the total flow rate is varied, but the
flow rate in the branch duct is held constant by controlling the flow with
a damper, Rb will be constant and the velocity ratio Vb/V, will vary over
a range. Thus, the effect of each ratio on X can be independently deter-
mined experimentally by holding the other two constant. Since the
research program was to be limited to a relatively narrow range of air
velocities and sizes of plenums and takeoffs, it seemed probable that the
effect of at least one ratio would be insignificant and could be ignored.
Any ratio is insignificant if it is essentially constant over the range in
which the experimentation is conducted.
Certain conclusions can be drawn from a consideration of the dimen-
sion ratio Db/Du in Eq. 5. If each of the characteristic dimensions Db and
Du of one configuration of the laboratory apparatus were, for example,
twice the respective characteristic lengths of another configuration, the
ratio Db/D, would be the same for both configurations. For this condi-
tion, Eq. 5 indicates that A would depend only on the velocity ratio and
Reynolds number, the dimension ratio being constant. Changing the
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values of Db and D., but keeping their ratio constant, is equivalent to
changing all dimensions in the same proportion; i.e., changing the size
but maintaining the same shape. This is exactly the condition of geo-
metric similarity; therefore, if all of the experimental plenum, takeoff,
and branch-duct combinations were geometrically similar, X would de-
pend only on the velocity ratio and Reynolds number.
This analysis showed that the six variables influencing X as given in
Eq. 3 could be reduced to the set of three dimensionless variables given in
Eq. 5. The scope of the experimentation could therefore be limited to a
study of each one of the three variables in Eq. 5 while holding the other
two constant. By this method, the extent of the actual significance of
each variable could be determined.
III. STUDIES OF INDIVIDUAL TAKEOFF FITTINGS
6. Description and Calibration of Apparatus
The apparatus used during the first part of the investigation is shown
in Fig. 7. The equipment upstream of Section A-A has been described in
a previous publication."17 ) The equipment downstream of this section is
comprised of a 12-in. x 8-in. extended plenum and a 7-in. diam branch
duct with connecting takeoff fitting, together with auxiliary apparatus
for energy and flow-rate measurements. The takeoff to be studied was
attached to either the top or side of the extended plenum approximately
8 ft from the face of the drum plenum. The egg-crate straighteners just
downstream from the drum plenum served to eliminate any swirling
motion of the air stream. Static-pressure taps were installed on the ex-
tended plenum at positions 5 ft and 171  ft from the face of the drum
plenum and in the branch duct 61 ft from the takeoff fitting. These taps
were installed at the center of the top, bottom, and both sides of the
ducts in the same vertical plane and were connected in parallel, using a
piezometer ring, to obtain an average reading of pressures.
For measuring the air-flow rate in the plenum at a point downstream
of the branch, an orifice with an open area of 50 percent, together with
pressure taps, was installed approximately 20 ft downstream from the
face of the drum plenum. The flow rate was controlled by a butterfly
damper. A similar orifice and damper arrangement was installed in the
branch duct.
Three types of takeoffs were studied. One type of side takeoff was
placed over an opening in the side of the plenum and delivered air to a
branch duct whose centerline was located in the same horizontal plane
as that of the plenum. Another type of side takeoff employed an expan-
sion section attached to the plenum and an additional fitting to turn the
air into the branch duct. Top takeoffs, which represented the third type
of takeoff studied, were placed over an opening in the top of the extended
plenum and delivered air to a branch duct whose axis was at right angles
to that of the plenum but which was located in a horizontal plane above
the plane of the plenum. A complete description of the takeoff fittings
studied is given in Sees. 8 and 9.
The apparatus upstream of Section A-A was also used for calibrating
other components of the experimental equipment. A 12-in. x 8-in. rec-
tangular duct and a 7-in. diam round duct were individually connected
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Pl/an View
Extended Plenum
and
Branch Duct
Butterfly
Fig. 7. Arrangement of Apparatus for First Part of Investigation
to the drum plenum for calibration purposes. For each of these two
separate arrangements of the equipment, egg-crate straighteners were
installed in the duct just downstream of the drum plenum, and piezo-
meters at positions 5 and 171/2 ft downstream of Section A-A. A series of
tests was conducted to compare the pressure readings of the piezometer
rings with those obtained by means of a traversing static-pressure tube.
The pressure holes in this traversing tube were located in the plane of the
piezometer ring. With any particular air-flow rate in the duct, a twenty-
point equal-area traverse was made with this tube at both stations, and
simultaneous readings were made with the piezometer ring. The separate
pressure measurements obtained with these two devices were found to be
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in excellent agreement. Therefore, in subsequent tests the reading of the
piezometer ring pressure was accepted as the true static pressure existing
at a measuring station.
A series of tests was also conducted to determine the friction loss in
each separate duct. For several flow rates, the static pressures at the two
piezometer rings were recorded and the friction loss per 100 ft of straight
duct evaluated. These data were used to determine the friction pressure
loss between the measuring stations and the takeoff during later tests.
Comparison of the friction loss data with the ASHVE Friction Chart 3)
showed fair agreement.
A flat-plate orifice and vena contracta taps were then installed near
the end of the 12-in. x 8-in. duct. The ratio of duct area to orifice area
was approximately two to one. With this arrangement, flow-rate calibra-
tion tests were conducted, during which the air-flow rate at the measuring
station and the pressure differential across the orifice were simultaneously
determined. From these tests, a calibration curve relating the air-flow
rate and the orifice pressure differential was established and used to
determine the air-flow rate at station D (see Fig. 7) during all subse-
quent tests. Using this same method, a flow-rate calibration curve was
established for the 7-in. diam branch duct.
7. Procedure
The procedure for evaluating the performance of all takeoffs was the
same.' The air-flow rate at station U (see Fig. 7) was adjusted to either
551 cfm or 428 cfm and maintained constant throughout a given test.
For set positions of the dampers, the air-flow rates in the branch duct
and in the extended-plenum at points before and after the takeoff were
determined and the static-pressure readings at stations U, D, and B were
recorded. The dampers in the branch and plenum were then adjusted to
different settings and the procedure repeated. By continuing in this man-
ner, the air-flow rate in the branch duct was varied from zero to its
maximum in several steps and data were recorded for each step. The
results were then obtained by the procedure given below.
The total pressure in the plenum at station U (Fig. 7) was given by
(TP), = (SP), + (VP), (6)
in which
(SP), = static pressure at station U, in. of water.
The total pressure in the branch duct at station B was evaluated in
a similar manner.
The pressure loss between stations U and B, in in. of water, was
H = (TP), - (TP)b
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The takeoff loss was determined by subtracting from the value of
H in Eq. 7 the friction-pressure loss in the plenum and branch duct
between stations U and B as determined during calibration of the appa-
ratus. The takeoff loss Lt was therefore defined as
Lt = H - (L + Lb) (8)
Substituting Eq. 7 into Eq. 8, there results
Lt = (TP), - (TP)b - (L. + Lb) (9)
which was used to evaluate the takeoff loss for each test run.
In order to obtain a dimensionless expression for the takeoff loss,
each value of Lt obtained from Eq. 9 was divided by the velocity pres-
sure, in in. of water, corresponding to the mean velocity of flow in the
branch duct at station B. The resultant dimensionless expression was
designated as the "loss coefficient" and given the symbol A. Thus
X = (VP) (10)
When compiling the data, it was found that A varied considerably
with the velocity ratio Vr and the quantity ratio Qr. These ratios are
defined as
Vr =-- (11)
and
Q, = (12)
in which
Qb = air-flow rate at station B, cfm
Q. = air-flow rate at station U, cfm
In correlating the data, either Vr or Q, can be used. However, as will
be discussed in Sec. 14, the use of V, was found to be desirable during
the second part of the investigation.
8. Results of Studies with Side Takeoffs
The initial studies were conducted with a simple butt-type takeoff of
circular cross section designated as takeoff No. 3, the details of which are
presented in Fig. 8. The performance of this takeoff served as the basis
for evaluating the effectiveness of all other side takeoffs studied. The
relation between A and Q, for No. 3 is given by the lowest curve. Since
adjustable elbows are available commercially, they were used in com-
bination with takeoff No. 3 for deflecting the air from the plenum
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Flow Rate in Branch, Q,Quantity Ratio , r= Flow Rate in Plenum, Q,
Fig. 8. Details and Performance of Side Takeoffs (Circular Cross Section)
through a range of angles. The results obtained with various angle
settings are given by the top five curves.
All of the curves in Fig. 8 show that A increases as Q, decreases. Thus,
as a smaller proportion of the air-flow rate in the plenum is delivered to
the branch duct, the loss coefficient of the takeoff increases, becoming
extremely high at low values of Qr.
For a given Q, in Fig. 8, A increases as the angle of the last two
sections of the elbow increases from the zero angle condition of takeoff
No. 3-4-A. This is to be expected, since the air must be turned only at
right angles to the plenum in the case of takeoff No. 3-4-A; whereas, for
the other four takeoffs, the air must be turned not only at right angles
to the plenum but also through the angle 0 of the last two sections of
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the elbow. Additional separation of the air stream from the surfaces
and increased eddy losses would therefore be expected as 0 increases.
The loss coefficient apparently depends to some extent on whether 0
is positive, as shown by 3-4-B in Fig. 8, or negative, as shown by 3-4-C.
Since other types of takeoffs having much lower loss coefficients were
later developed, further studies of these takeoffs were not made.
For takeoffs discharging at 45 deg, improved performance was ob-
tained with takeoffs No. 2, 10, 17, and 19, the construction details and
results of which are shown in Fig. 9. Comparison with the dotted curve for
No. 3-4-D transposed from Fig. 8 shows the improvement obtained. A
single fitting of special design can therefore be made which will give
much better performance than a combination of an adjustable elbow with
takeoff No. 3.
Quantity Ratio, = 
r low Rate in Branch, Qb
F/ow Rate in P.'enum, Q,,
Fig. 9. Details and Performance of Side Tokeoffs (Rectangular-to-Circular
Cross Section and 45-deg Discharge Angle)
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The next portion of the investigation was devoted to a study of
various types of side takeoffs which deflected the air in the plenum
through an angle of 90 deg; i.e., the axis of the branch duct was set at
right angles to the axis of the trunk duct. The position of the branch
duct in Fig. 7 represents this arrangement. The various designs and
performances of takeoffs studied are shown in Fig. 10. The top curve,
representing the loss curve for the simple butt-type takeoff, No. 3, was
used as the basis for evaluating the effectiveness of all other side takeoffs.
Note that the curves for all of the takeoffs of special design fall below
that for No. 3; consequently, they are all more effective than a simple
butt takeoff. For clarity, the loss curves for takeoffs Nos. 22 and 24 have
not been shown in Fig. 10. The curve for No. 22 is slightly higher than
that for No. 25. The curve for takeoff No. 24 is slightly lower than
that for No. 20.
Figure 10 indicates that No. 20 is the least effective of this group,
and that No. 25 is the most effective for the values of X above 0.6. In the
region in which A is less than 0.6, the pressure loss of any takeoff, when
expressed in in. of water, is very small. Consequently, No. 25 is the most
effective over the important range of the curves, i.e., for values of Qr
less than 0.5. The construction details of Nos. 20 and 25 can be compared.
The essential difference is that No. 25 has a larger opening along the
side of the plenum (12-in. instead of 8-in.) and the center of the 7-in.
round outlet has been shifted 4 in. in the downstream direction. Since
the design of No. 25 reduced the sharpness of the turning angle at the
entrance of the takeoff, it apparently eliminated a certain amount of the
separation and resultant eddy loss which occurred at the entrance to
takeoff No. 20.
Studies were also made with four arrangements of fittings commonly
used with trunk duct systems, as shown in Fig. 11. The numbers refer to
the separate fittings making up the combination; for example, No. 27-26-4
is a configuration made up of takeoffs Nos. 27, 26, and 4. At values of Qr
greater than 0.35, none of the four arrangements are more effective than
No. 25 (Fig. 10). At values of Q, less than 0.35, only arrangement No.
27-5-4 is more effective than No. 25. Since the four arrangements in Fig.
11 are relatively complex and offer little or no gain in effectiveness,
No. 25 is considered to be a more practical side takeoff for extended-
plenum duct systems.
9. Results of Studies with Top Takeoffs
The various top takeoffs studied are illustrated in Fig. 12. These nine
takeoffs were installed singly on the extended-plenum such that the
axis of the branch duct was perpendicular to the vertical plane through
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the axis of the plenum. Figure 7 represents this installation except that
the branch duct was raised above the level of the plenum and connected
to the top takeoff.
Takeoff No. T-3-4 in Fig. 12 consisted of a combination of No. 3 and
an adjustable elbow, No. 4, set at a right angle. The performance of this
takeoff was used as a basis for evaluating the performance of the other
types. The results for No. T-3-4 are shown by the third curve from the
top. Comparing this curve with the others, it is evident that Nos. T-6 and
T-8 were less effective, whereas all of the rest resulted in improved per-
formance; i.e., lower values of A at corresponding values of Qr. Since the
air flowing through a top takeoff must make two 90-deg turns in passing
from the plenum into the branch, higher loss coefficients than for side
takeoffs are to be expected. As in the case of side takeoffs, separation
and resultant eddy loss can be reduced to some extent by eliminating
sharp corners at the entrance to the takeoff. Takeoffs Nos. T-31 and T-32,
which incorporated both conical entry and reduction in sharpness of the
turning angle at the entrance of the takeoff, showed the greatest effec-
tiveness of those studied.
10. Pressure Loss in the Extended Plenum
The discussion in the preceding sections concerns only the pressure
losses which occur when air flows from the plenum into the branch duct
through various takeoffs. The pressure loss of the air which continues
down the plenum - the air that does not flow into the branch duct - is
now discussed.
Consider the characteristics of the extended-plenum and branch duct
configuration shown in Fig. 6. For a given experimental condition, a
certain air-flow rate, Qu, and mean velocity, V,, exist at station U and at
all other points in the plenum upstream of the takeoff. A portion of the
air in the plenum flows into the takeoff and thence into the branch duct,
and the remainder continues down the plenum. As a result, the flow rate
at station D is less than that at station U. Since the cross-sectional area
of the plenum is constant throughout its length, the downstream velocity,
Vd, is also less than the upstream velocity, Vu. The velocity pressure
downstream of the takeoff is therefore less than the velocity pressure
upstream of the takeoff.
For the case of a frictionless, incompressible fluid flowing in a hori-
zontal pipe, this decrease in velocity pressure would be exactly balanced
by an increase in the static pressure downstream of the takeoff. De-
noting by A(VP) the net change in velocity pressure between points just
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upstream and just downstream of the takeoff, and by A(SP) the net
change in static pressure, for this ideal case
A(VP) = A(SP) (13)
which states that the velocity pressure decrease is completely recovered
in the form of a static pressure increase.
For the case of real fluids, the decrease in velocity is always accom-
panied by a loss of total energy due to dynamic losses which occur during
the deceleration process. As a result, only part of the theoretical increase
in static pressure is actually "regained." The static-pressure regain co-
efficient, Rs, is defined as
SA (SP)
A (VP)
For an ideal fluid the regain coefficient has the value unity; however, for
real fluids, since A(SP) is always less than A(VP), the regain R, is al-
ways less than unity. The difference between the value of R, and unity is
an index of the efficiency of the deceleration process, and can be used to
calculate the pressure loss in the plenum due to the decrease in plenum
velocity at the takeoff. For example, if R8 is known to be 0.7, then the
amount of pressure regained is 0.7 of the net velocity pressure change
between the two points. The total-pressure loss during the process is
(1-0.7), or 0.3 A(VP). This quantity represents dissipated energy which
is no longer available for use in overcoming resistances downstream, and
is therefore the loss in total pressure in the plenum due to the takeoff.
Before evaluating the static-pressure regain coefficient, R,, a section
of the plenum in the vicinity of the takeoff was probed with a Pitot tube
and a static-pressure tube. It was found that a highly turbulent region
existed near the takeoff in which reliable readings could not be obtained
and in which the velocity profile was not uniform. This region extended
approximately 1 ft upstream and 2 to 3 ft downstream of the takeoff.
As a consequence, readings were taken at the upstream and downstream
edges of the turbulent region and corrected for the nominal friction loss
between the measuring stations and the takeoff.
Studies of static-pressure regain were then made with twelve different
side and top takeoffs. Tests were conducted over a range of quantity
ratios, Qr, for seven different flow rates between 300 and 635 cfm at
station U. For each condition, the static pressures were measured up-
stream and downstream of the takeoff at the edge of the turbulent region.
The mean velocities at the two points were then determined from the
plenum area and the flow rates at stations U and D, and the correspond-
ing velocity pressures were computed. The difference in the static pres-
sures was the A(SP) term in Eq. 14, and the difference in the velocity
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pressures the A(VP). In this manner, values of the regain coefficient Rs
were determined for each experimental condition.
The results are summarized in the mean curve shown in Fig. 18. For
the takeoffs having the best performance under the conditions described
in Secs. 8 and 9, the static regain in the plenum was somewhat greater
than for takeoffs having poor performance. Therefore, the average curve
shown in Fig. 13 is slightly lower than it should be for takeoffs such as
No. 25, and slightly higher than it should be for takeoffs such as No. T-8.
The curve of Fig. 13 has a maximum at a Qr value of approximately
0.22. This maximum occurs very near the value of Qr obtained with the
branch duct and plenum dampers fully open. This represents the con-
dition of minimum total pressure loss of the entire ductwork beginning
at station U for a given flow rate. The pressure loss due to the decrease
in velocity which occurs in the plenum in the vicinity of the takeoff thus
reaches a minimum at or near the condition at which the pressure loss of
1.0
0.9
0.8
0.7
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0.4
n 3
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EP-I EP-Z
(a)-Side Takeoffs
EP-3 EP-4
(b) -Top Takeoffs
When A is 10"or B is 6", C is /0"
When A is 12" or B is 7", C is /12"
When A is 14"or 8 is 8", C is 14"
Fig. 14. Details of Side and Top Takeoffs Selected as Standard
the entire duct system reaches a minimum. This regain characteristic
warrants further experimentation and analysis.
11. Selection of Standard Takeoffs
One of the objectives of the investigation was to develop side and top
takeoffs having good performance and which would be acceptable to the
air conditioning industry as standard takeoffs. Of the numerous designs
developed and tested, No. 25 was the most effective of the side takeoffs.
The most effective top takeoff could be represented by either T-31 or
T-32, since they had the same performance. From the results with these
takeoffs, certain designs of side and top takeoffs for connecting rectangu-
lar and round branch ducts to extended plenums were agreed upon as
industry standards. These standard takeoffs are shown in Fig. 14 and
are slightly modified versions of the most effective side and top takeoffs
developed during this investigation. The takeoff designs in the figure
have also been incorporated into a Simplified Practice Recommendation
of the U.S. Government. ( "
Flexibility and ease of manufacture, as well as effectiveness, were con-
sidered in the selection of the standard takeoffs. It should be noted in
:8-47'
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Fig. 14 that the 7-in. height of the flange that connects to the plenum
is the same irrespective of the diam of the circular end of the takeoff.
Therefore, standard side takeoffs for connecting branch ducts of 7, 8, and
9-in. diam can all be used with plenums as little as 7-in. in depth. Note
also that the same model of side takeoff can be installed on either side
of the plenum; that is, "rights" and "lefts" are not needed. As a conse-
quence, one model of each size of side takeoff is sufficient for all extended
plenum applications. The same is true for standard top takeoffs.
Although the results of the above reported research led to the develop-
ment of standard takeoffs, considerable research remained to be done to
determine (1) the performance of standard side and top takeoffs when
installed on larger size of plenums, and (2) the effect of the relative
locations of two or more takeoffs on the performance of the duct
system. The American Gas Association sponsored the research work
devoted to this phase, which constituted the second part of the investiga-
tion of extended-plenum duct systems and which is described in the
following sections.
IV. STUDIES OF STANDARD TAKEOFFS USED SINGLY
12. Description and Calibration of Apparatus
The laboratory apparatus that was used during the second part of this
investigation is shown in Fig. 15. The four orifices in the orifice box were
used singly or in combination to measure the total air-flow rate in cubic
feet per minute entering the apparatus. The speed of the centrifugal fan
was varied over a wide range by the use of two adjustable rheostats in the
armature circuit of the 11/2 hp, 220-v, d-c motor. The orifice box and fan
section have been described in a previous publication. (15) The fan dis-
charged the air from the orifice box into the auxiliary plenum and thence
into the extended plenum. The function of the auxiliary plenum, nozzle,
and egg-crate straighteners was to provide a uniform velocity profile at
station 0. The air was then discharged from the extended plenum
through one or more branch ducts and the plenum exit section. The
dampers were adjustable and were used to establish and control the
desired conditions. Galvanized iron of 24 or 26 gage was used for all
ductwork. A 3-ft section of the extended plenum adjacent to the first
takeoff connection was fitted with a transparent top and bottom to
permit visual observation of the air-flow pattern in the extended plenum
and takeoff. Qualitative flow patterns were obtained by probing this
section with a silk thread attached to a small diameter rod.
Studies were conducted with two 24-in. wide extended plenums, one
of which was 8-in. deep and the other 12-in. deep. During these studies,
one or more branch ducts were connected at various locations on the
extended plenum. The top and side takeoffs used to connect the round
branch ducts were those selected as standard by the National Warm Air
Heating and Air Conditioning Association as a result of the research
discussed in Chap. III. The construction details of the particular standard
takeoffs which were studied are shown in Fig. 16; they have been
designated by the letters A through G for ease of reference. These 7-in.,
8-in., and 9-in. diam takeoffs connected corresponding sizes of branch
ducts to the plenums. Studies of the standard takeoffs for connecting
rectangular branch ducts, shown as EP-2 and EP-4 in Fig. 14, were not
included in this investigation.
Referring to Fig. 15, station 0 was the primary energy measuring
station, and any station along the plenum was designated by its dis-
tance, in feet, from station 0. Thus station 6 and station 9 were located
Bul. 415. EXTENDED-PLENUM TYPE TAKEOFFS 35
r0
0
0-
0.
w0
C6i0.
-0
c
a.
a.
0l
I
I
0
.t
61
U-
ILLINOIS ENGINEERING EXPERIMENT STATION
6 ft and 9 ft downstream from station 0. The static pressure at station 0
was measured by means of a piezometer ring, and the air-flow rate at this
station was determined by means of the orifice box. The static-pressure
tap located at the center of the top of the orifice box, station X, was
used to measure the pressure differential across the orifices. The static
pressure at any station in the plenum downstream from station 0 was
measured by a Pitot tube. The air-flow rate at the exit section of the
extended plenum was measured at station Y.
Top
Side Takeoff Takeoff L
Takeoff Takeoff Branch DuctDeoio TDiameter, Dimension L
Desiýgnatfon Type Dimension D
A Side 7 12
B Side 7 12
C Side 7 12
D Top 7 12
E Side 8 14
F Side 9 16
G Top 8 14
Fig. 16. Details of Standard Side and Top Takeoffs Studied
The energy measuring stations in the branch ducts were designated
by the numeral 1 following their identifying letters, and the flow-rate
measuring stations were designated by the numeral 2 following their
identifying letters. For example, stations Al and A2 in Fig. 15 refer to
the respective energy and flow-rate measuring stations in branch duct A.
A micromanometer (19' was used to calibrate the inclined draft gages
and establish calibration curves for correcting the gage readings to their
true values. The flat-plate orifices in the orifice box were initially cali-
brated in place by means of a circular duct and Pitot tube traverses, as
described in a previous publication. (5) After calibration, any air-flow
rate between 80 and 2400 cfm could be determined from the static pres-
sure reading at station X.
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At the end of the extended plenum, a total-pressure tube and a static
pressure tap were used to measure the velocity pressure at the center of
the 8-in. x 8-in. duct at station Y downstream from the converging nozzle.
During calibration of this station, all branch ducts were closed, and the
relation between the velocity pressure at station Y and the flow rate, as
measured at the orifice box, was obtained. Any air-flow rate between 180
and 1800 cfm at the plenum exit could then be determined from the
velocity pressure at station Y.
A total-pressure tube and static-pressure tap similar to that employed
at station Y were used to measure the velocity pressure in each branch
duct at positions one-half diameter downstream from each orifice. Dur-
ing calibration of any branch, all other branch ducts and the exit section
of the plenum were closed, and the relation between the velocity pressure
just downstream from the branch duct orifice and the flow rate, as
measured at the orifice box, was obtained. Any branch flow rate between
80 cfm and about 600 cfm could then be determined from the velocity
pressure reading in the branch duct.
13. Procedure
For a given configuration of the apparatus, the dampers were set at
desired positions. The flow rate entering the apparatus was then varied
over a wide range in about four steps by varying the fan speed, and
the various pressures during each step were recorded. The dampers were
then reset to other positions and the procedure repeated. Hence, the
total flow rate and the relative flow rates in the branch duct and in the
extended plenum were varied over a wide range. The mean velocity at
any cross-section of the apparatus was determined from the air-flow
rate and the cross-sectional area.
In order to evaluate the pressure loss of a takeoff, it was necessary
to obtain pressure readings which were not influenced by the disturbances
caused by the air flowing from the plenum, through the takeoff, and into
the branch duct. By probing the cross section with a Pitot tube upstream
from the takeoff in the plenum and downstream from the takeoff in the
branch duct, desirable locations for measuring stations were obtained.
The energy measuring stations in the plenum were located from 1½ ft
to 3 ft upstream from the takeoff, depending upon the number and
spacing of the takeoffs in use. All of the energy measuring stations in the
branch ducts were located 6%1 ft downstream from the takeoff.
The laboratory data were then compiled by the method described in
Sec. 7, except that the values of L, and Lb in Eq. 9 were determined from
the ASHVE Friction Chart"3 ) instead of by calibration tests.
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Since in this part of the investigation two or more takeoffs generally
were installed on the plenum, the pressure loss of each takeoff could con-
ceivably be affected by the presence of the others. In order to differentiate
between the two experimental conditions of (a) a single takeoff in use,
and (b) more than one takeoff in use, the dimensionless expression given
in Eq. 10 was designated as the interference loss coefficient E when more
than one takeoff was in use. Thus
L-
E = (VP) (15)
in which it is understood that the value of Lt as determined from Eq. 9
for each individual takeoff is evaluated from the data obtained when
two or more takeoffs were in use.
The difference between the values of the loss coefficients as determined
by Eq. 10 and Eq. 15 was designated the takeoff interference, and served
as an index of interference with the performance of a particular takeoff
because of the presence of other takeoffs.
14. Results of Studies with Standard Side Takeoffs
The initial studies were conducted to determine the effect of variation
in the plenum size and shape on the performance of a single takeoff.
During these studies, tests were conducted with takeoff A (Fig. 16)
installed first on the 24-in. x 8-in. plenum and then on the 24-in. x 12-in.
plenum. The variation of loss coefficient with quantity ratio is shown
in Fig. 17 by curves L and M. Curve N has been transposed from Fig. 10
for takeoff No. 25 - a takeoff almost identical to takeoff A - and cor-
rected to the same experimental conditions as curves L and M. Compari-
son of the curves shows that, for the same quantity ratio A increases as
the size of the plenum decreases.
These same data were also plotted against velocity ratio, and the
resultant curves are shown in Fig. 18. Note that velocity ratio as the
independent variable brings the three curves together so that they nearly
form one curve, indicating that velocity ratio provides a more general
method for correlating the data than quantity ratio. This is in agreement
with the suggestion of Brabbee and Vazsonyi discussed in Sec. 4.
The relationship between velocity ratio and quantity ratio can be
determined analytically. Applying the equation of continuity for an
incompressible fluid to sections in the branch duct and the plenum
upstream of the takeoff,
Qb = Ab Vb (16)
and
Q. = A V., (17)
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Fig. 17. Loss Coefficient as Related to Quantity Ratio and Plenum Size (Takeoff A)
in which Ab and A, are the cross-sectional areas at stations B and U,
respectively. Dividing Eq. 16 by Eq. 17, there results
Qb Ab Vb
-0  A V (18)Q. Aý V.
which, upon substituting Eq. 11 and 12 reduces to
Qr = Ab V (9)
This equation relates velocity ratio to quantity ratio.
During the experiments discussed in Chap. III, only one size of
plenum and one size of branch duct were used; hence, for these experi-
ments Ab/A, in Eq. 19 was constant. The choice of V, or Q, as the inde-
pendent variable was therefore arbitrary when correlating the data ob-
tained with one size of plenum and one size of branch duct.
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Fig. 18. Loss Coefficient as Related to Velocity Ratio and Plenum Size (Takeoff A)
However, since various sizes of plenums and branch ducts were in-
volved during this second part of the investigation, the ratio Ab/Au was
different for each configuration of the apparatus. Hence, the relationship
between Vr and Qr also varied with different configurations of the experi-
mental apparatus. Since the loss in total pressure of a takeoff is known
to depend upon the velocity head, which is proportional to the square of
the velocity, the velocity ratio would be expected to provide a more
general correlation of the data than the quantity ratio. This is borne out
by a comparison of Fig. 17 and 18. As a consequence, the velocity ratio
was used as the independent variable when correlating data obtained
from all subsequent tests.
Referring to Fig. 18, comparison of curves 1 and 3 shows the effects
on A of variation in the plenum width. Although it appears from the
curves that the plenum width has a marked effect on A\ at high velocity
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ratios, the maximum difference between curves 1 and 3, which occurs at
a velocity ratio of 2.5, corresponds to a difference in pressure loss of less
than four equivalent feet of 7-in. diam duct. For purposes of system
design, this difference is negligible; consequently, it can be concluded that
increasing the width of the plenum from 12 in. to 24 in. had no signifi-
cant effect on the loss coefficient of takeoff A.
Comparison of curves 1 and 2 shows the effect on A of variation in
the plenum depth. The maximum difference between these curves, which
occurs at a value of V, less than one, corresponds to a pressure loss of
less than five equivalent feet of 7-in. diam duct. Again, for the purpose
of system design, this difference is small; consequently, it can be con-
cluded that the increase in depth from 8 in. to 12 in. had no appreciable
effect upon the loss coefficient of takeoff A. Takeoffs B and C, which were
similar in size and shape to takeoff A except for slight variations in
manufacture, were also studied. The test results showed that the indi-
vidual takeoff losses expressed in terms of equivalent length were nearly
the same as those for takeoff A. Moreover, studies of the effect of plenum
depth conducted with takeoffs B and C confirmed the conclusion that the
loss coefficient was essentially independent of plenum depth over the
range in which the experimentation was conducted. Similar studies of
the effect of plenum depth made with takeoffs E and F, which were larger
in size and of slightly different shape than takeoff A (see Fig. 16), also
indicated that plenum depth had only a slight effect on their loss
coefficients.
The next studies were conducted to determine the performance of
three different sizes of takeoffs when installed one at a time on the same
plenum. Results are presented in Fig. 19. Comparison of curves 1 and 2
indicates that, at values of velocity ratio less than 1.5, takeoffs A and E
have practically identical loss coefficients. At values of V, greater than
1.5, takeoff A has better performance than E. However, since in the
higher range of Vr the pressure loss of takeoff E is only 0.3 velocity
heads or less, there is little practical difference in effectiveness of the
two takeoffs. Curve 3 indicates that takeoff F has nearly the same per-
formance as E at higher values of V, and is more efficient than the other
two at the lower values of V,. In practical terms of equivalent length of
round duct, the maximum difference between any two curves is 10 ft,
which is small in comparison with the total equivalent length of usual
duct systems.
It was stated in Sec. 5 that the effect of either velocity ratio, dimen-
sion ratio, or Reynolds number could be determined by holding any two
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Fig. 19. Performance of Three Sizes of Standard Side Takeoffs
of these dimensionless quantities constant and varying the third. In the
results shown in Figs. 17, 18, and 19, Reynolds number and dimension
ratio are also variables. In investigating the influence of Reynolds num-
ber alone on X, since one configuration of the apparatus corresponds to a
constant value of dimension ratio DbI/D, an analysis was first made of
the laboratory data obtained with takeoff A installed on the 24-in. x 8-in.
plenum. For selected values of velocity ratio Vr, values of A were plotted
against the Reynolds number referred to the branch duct, Rb. Repre-
sentative results are shown by the circled points in Fig. 20. Since for a
fixed value of Vr the curves are horizontal lines, the loss coefficient is
constant. The conclusion can therefore be drawn that, within the limits
of experimental accuracy, A is independent of Reynolds number in the
range in which data were obtained with this configuration of the
apparatus.
An analysis was next made of the data obtained with all other con-
figurations of the apparatus. For each configuration and selected values
of Vr, values of A fell above, below, and on the corresponding curves in
Fig. 20. Since no trend could be established for any one configuration
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of the apparatus, all of the additional data have been plotted on Fig. 20
as crosses. The agreement of these points with the previously established
curves permits two conclusions to be made. First, for any one configura-
tion of the apparatus, X is independent of Reynolds number over the
entire range of velocity ratios and Reynolds numbers employed. Second,
although the various side takeoffs and plenums were not exactly similar
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Fig. 20. Performance of Standard Side Takeoffs as Related to Reynolds Number
in shape, that is, did not have the same value of dimension ratio, the
effect of the shape deviations did not affect the loss coefficient. Therefore,
both dimension ratio and Reynolds number can be discarded from
Eq. 5. Noting Eq. 11, the result is then
X = 4', (V,) (20)
in which the symbol 0, indicates a functional relationship applicable to
side takeoffs.
Equation 20 expresses a unique relation between A and V, that holds
with satisfactory accuracy for the configurations studied and for the
practical range of air-flow rates. Therefore, a single curve relating X and
V, can be used to express all of the experimental results obtained with
side takeoffs. The relationship between A and V, could be determined
explicitly by fitting an empirical equation to an average curve represent-
ing the variation of A with V, over the range of the experimentation.
However, no empirical equation was found for the average curve which
had any theoretical significance.
15. Results of Studies with Standard Top Takeoffs
The initial studies were conducted to determine the performance of
two different top takeoffs when installed one at a time on the 24-in. x 8-in.
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plenum. Results are presented in Fig. 21. Takeoff D (Fig. 16), which is
used with 7-in. diam branch ducts, generally has a lower loss coefficient
at a given V, value than takeoff G, which is used with 8-in. diam branch
ducts. The performance of D is therefore slightly better than that of G.
In practical terms of equivalent length of round duct, the maximum
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Fig. 21. Performance of Two Sizes of Standard Top Takeoffs
difference between the two curves corresponds to less than 10 equivalent
ft, which is small in comparison with the total equivalent length of usual
duct systems.
Comparison of these curves with those of Figs. 18 and 19 shows that
top takeoffs have much higher loss coefficients, and therefore higher
pressure losses, than side takeoffs at the same value of velocity ratio.
This is to be expected, because the air flowing through a top takeoff must
make two 90-deg turns in passing from the plenum into the branch duct;
whereas, the air flowing through the side takeoff must make but a single
90-deg turn.
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Studies were also made with these two takeoffs installed one at a time
on the 24-in. x 12-in. plenum. The results were in excellent agreement
with the curves of Fig. 21. This indicates that the loss coefficients of top
takeoffs were - as in the case of side takeoffs - independent of plenum
depth over the range in which experimentation was conducted.
An analysis of the effect of Reynolds number and dimension ratio was
also made with the data obtained for the top takeoffs. As with the side
takeoffs, it was found that the laboratory results could be expressed by
a unique relation of the form
X = #, (V,) (21)
in which the symbol t, indicates a functional relationship applicable to
top takeoffs. Hence a single curve relating X and V, can be used to
express all of the experimental results obtained with top takeoffs.
V. STUDIES WITH STANDARD TAKEOFFS USED IN MULTIPLE
The objective of the studies conducted with two or more takeoffs in
use was to determine the effect of the relative location of the takeoffs on
the performance of the individual takeoffs. Figure 22 shows the number,
types, and relative locations for each of the various arrangements studied
with the 24-in. x 8-in. plenum. The general procedure was to determine
the loss coefficient of each takeoff while various air quantities were de-
livered from the two or more takeoffs in use. Any difference between
these loss coefficient values and those determined during tests with only
one takeoff installed on the plenum was caused by interferences with the
flow due to the proximity of other takeoffs. The takeoff interference, as
this difference in loss coefficients was designated, indicated the extent to
which the performance of a takeoff was affected by others on the plenum.
The method for calculating the test results has been described in Sec. 13.
The initial studies were conducted with two 7-in. diam side takeoffs
located along the same side of the plenum at various distances apart, as
shown in Fig. 22a. Takeoff B was initially installed 67-in. downstream
from A, and then moved to the 32-in. and 16-in. positions. The maximum
interference for either takeoff, when expressed in terms of equivalent feet,
was two feet of 7-in. diam duct. Therefore, it was concluded that there
was negligible interference between two 7-in. diam side takeoffs due to
their relative locations on the same side of the extended plenum.
The next studies were conducted with takeoff B located on the side
of the plenum opposite from A, as shown in Fig. 22b. The results indicated
that the pressure loss of B was increased by an amount corresponding to
five equivalent feet of round duct. However, the performance of A, which
was always upstream of B, was unaffected by the presence of B. When A
and B were located directly opposite each other (Fig. 22c), their mutual
interference increased their pressure losses by four equivalent feet of
branch duct. Takeoffs E and F, which were of 8-in. and 9-in. diam, were
studied under the conditions shown in Fig. 22d. The mutual interference
of E and F increased their pressure losses by about nine equivalent feet
of round duct. Comparison with the results obtained with the smaller
takeoffs (Fig. 22c) indicates that the interference increases with in-
creasing size of the takeoffs, in this case, by five equivalent feet.
The arrangement in Fig. 22e is similar to that in 22c except that an
additional 7-in. diam takeoff is located 32-in. downstream from B. The
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Fig. 22. Arrangements of Multiple Takeoffs Studied
presence of A and B was found to increase the pressure loss of C only
slightly, the increase being of the order of three equivalent feet.
From the standpoint of space limitations, the largest number of
takeoffs which would ordinarily be located on an extended plenum at a
given cross section would be two side takeoffs and one top takeoff. Such
a condition was studied with three 7-in. diam takeoffs, as shown in
Fig. 22f. The results indicated that the mutual interference of the two
side takeoffs was the same as previously determined in Fig. 22c. However,
contrary to expectation, the presence of A and B served to reduce the
pressure loss of the top takeoff by an amount corresponding to about ten
equivalent feet of duct at the lower values of velocity ratio. The per-
formance of the top takeoff at higher values of velocity ratio was
unaffected by the presence of the two side takeoffs.
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After completion of these studies, which were made with the 24-in. x
8-in. plenum, the tests previously conducted with the arrangements in
Fig. 22c, d, and f were duplicated with the 24-in. x 12-in. plenum in use.
Both sets of results were in good agreement with each other; conse-
quently, the interference effect of takeoffs was concluded to be inde-
pendent of the depth of the plenum.
Studies were then made with the arrangement of Fig. 22g which
involved six takeoffs of various sizes. The amount of interference de-
termined for each takeoff was in excellent agreement with that previously
determined. In no case did the interference effect seriously increase the
pressure loss of any takeoff. Therefore, the curves relating loss coefficient
and velocity ratio, as presented in Figs. 18, 19, and 21, also apply to the
takeoffs when installed in close proximity to others on either of the
two extended plenums.
The arrangement of Fig. 22g was also used to obtain an over-all check
of the experimental results. A resistance corresponding to a value of
equivalent length was arbitrarily selected for each branch duct, and the
branch flow rate was then predicted with the aid of the applicable curve
in Figs. 18, 19, or 21. The dampers in the branch ducts were adjusted
until each branch had the desired resistance. A test was then conducted
and the measured air-flow rate in each branch was compared with the
predicted rate. In no case did the actual flow rate deviate from the
predicted rate by more than five per cent, and the average deviation was
only two per cent. Deviations of the same order were obtained during a
similar study with the 12-in. deep plenum. This good agreement leads
to the conclusion that interference effects are not of serious consequence
in practical systems. Consequently, the experimental results of Figs. 18,
19, and 21 are applicable to the design of practical systems having take-
offs which are located in close proximity to each other.
VI. PRACTICAL INTERPRETATION OF RESULTS
WITH STANDARD TAKEOFFS
The pressure loss of a takeoff, in in. of water, can be determined from
the data in Figs. 18, 19, or 21 by multiplying the applicable value of
loss coefficient A by the velocity pressure corresponding to the mean
velocity in the branch duct. However, in the design of air duct systems
it is customary to consider the pressure loss of all fittings in terms of
either equivalent feet or equivalent diameters of round duct, rather than
in terms of X and the velocity pressure. Therefore, for practical applica-
tion of the results of this investigation, it is desirable to express the per-
formance of takeoffs for extended plenums in terms of equivalent feet of
round duct as a function of velocity ratio.
In the preceding discussion it was indicated that for practical design
considerations the pressure losses of the various takeoffs, in terms of
equivalent feet of round duct, were not affected appreciably by the
following:
1. Changes in the width of the extended-plenum
2. Changes in the depth of the extended-plenum
3. Variation in the size of side takeoffs
4. Variation in the size of top takeoffs
5. Proximity of other takeoffs
Therefore, the possibility existed that a single curve for side take-
offs and another curve for top takeoffs might be drawn, and that such
curves might then be used for design purposes with little error. Further
analysis of the data showed that such curves could be drawn, and they
are presented in Fig. 23. In no case does the pressure loss of any standard
side or top takeoff, as determined experimentally, exceed by more than
five equivalent feet the pressure loss obtained from the corresponding
curve in Fig. 23. Since five equivalent feet of branch duct generally
represents only a small portion of the pressure loss of the complete duct
system, these curves can be utilized for designing extended-plenum types
of air duct systems using standard side and top takeoffs.
When using Fig. 23 it should be kept in mind that the velocity ratio
is the velocity in the branch duct divided by the velocity in the plenum
just before the takeoff.
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Fig. 23. Practical Loss Curves for Standard Side and Top Takeoffs
Certain practical aspects can be illustrated using the curves of Fig. 23.
Referring to the curve for side takeoffs, the loss varies from 80 to 7
equivalent feet of branch duct, the larger loss being at the lower range
of velocity ratios. For example, a branch velocity of 400 fpm and a
plenum velocity of 800 fpm represents a velocity ratio of 0.5 and results
in a takeoff loss of 80 equivalent feet. In contrast, a branch velocity
of 400 fpm and a plenum velocity also of 400 fpm represent a velocity
ratio of 1.0 and a takeoff loss of only 15 equivalent feet. Referring to the
curve for top takeoffs in Fig. 23, the loss varies from 70 to 25 equivalent
feet over the range of velocity ratios investigated, the larger loss also
being at the lower range of velocity ratios. It should be noted that at a
given value of velocity ratio the pressure loss of a top takeoff is con-
siderably greater than that of a side takeoff.
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To determine when low velocity ratios and resultant high takeoff
losses occur, consider the characteristics of an extended plenum system.
A certain flow rate and velocity exist in the plenum just before the first
takeoff. A portion of the air in the plenum then flows into this takeoff
and thence into the branch duct, and the remainder continues down the
plenum. As a consequence, the flow rate in the plenum just after the take-
off is less than that in the plenum just before the takeoff. Since the
area of the plenum is constant throughout its length, the plenum velocity
decreases after each takeoff. Current residential practice is to use design
velocities of from 700 to 900 fpm for the sections of the plenum close
to the conditioner."3) The plenum velocity may therefore be as high as
900 fpm at the first takeoff and 100 fpm or less at the last takeoff. Since
the design velocity for branch ducts of residential systems is generally
of the order of 600 fpm, (3) it is evident that low velocity ratios and large
pressure losses are characteristic of the first few takeoffs, and high
velocity ratios and small pressure losses are characteristic of the last few
takeoffs on an extended plenum. This indicates that careful consideration
should be given to the first few takeoffs during the design process. In
addition, since the pressure loss of a top takeoff is considerably greater
than that of a side takeoff for the same velocity ratio, special attention
should be given to locating top takeoffs at points along the plenum
where high velocity ratios exist.
VII. CONCLUSIONS AND RECOMMENDATIONS
For the range of takeoffs and extended plenums studied during this
investigation, the following conclusions and recommendations can be
made:
1. The general form of the curves relating the loss coefficient to the
quantity ratio, or velocity ratio, is the same as that determined by other
investigators with different types of takeoffs and different fluids.
2. Simple butt-type takeoffs have relatively large pressure losses.
When such takeoffs are employed, their actual pressure losses should
be used.
3. The loss coefficient A depends upon the velocity ratio, but not upon
the dimension ratio or the Reynolds number.
4. The loss coefficient of standard side takeoffs is not appreciably
affected by the size or shape of the extended plenum, the size of the
takeoff, or the location on the plenum relative to other takeoffs. This
statement also applies to standard top takeoffs.
5. For a given velocity ratio, the pressure loss of standard top take-
offs is considerably greater than that of standard side takeoffs.
6. The pressure losses of both side and top takeoffs vary considerably
with velocity ratio, and are very large at low values of velocity ratio.
Therefore, low values of velocity ratio should be avoided whenever prac-
ticable.
7. In view of the possibility of obtaining low velocity ratios and
resultant high pressure losses, special consideration should be given to
the design of the branch ducts which are to be connected to the takeoffs
nearest the conditioner.
8. For system design purposes, the relationship between velocity ratio
and pressure loss in equivalent feet of branch duct is given by a single
curve applicable to all standard side takeoffs. Another curve provides
this relationship for all standard top takeoffs.
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